Abstract 233 strains of Campylobacter jejuni were subtyped by PCR-RFLP analysis of the flagellin (flaA) gene by double digestion with EcoRI and PstI (EP flaA-profiling). The strains represented a variety of common Penner heat stable (HS) serotypes and comprised isolates of human, bovine, ovine, chicken and canine origin. FlaA amplicons were obtained directly from DNA in cell lysates of most strains. RFLP analysis showed considerable allelic variation and nine EP flaA-types were identified of which the most common were type 2 (32%), type 3 (20%), type 4 (12%) and type 6 (12%). Other flaA-profiles each represented less than 10% of strains. C. jejuni strains of each serotype generally had one or two specifically associated flaA-types although some were features of several serotypes. Strains with the same flaA-type were found in different hosts. EP flaA-profiles were reproducible, clear and simple to record, and laboratory protocols were rapid and low cost with high throughput capacity. The EP flaA-profiling scheme provided an excellent molecular subtyping method to supplement HS serotyping, and reference strains are recommended to facilitate its use in future epidemiological investigations. ß
Introduction
Campylobacter jejuni is a Gram-negative microaerobic bacterium that is an important agent of human diarrhoea throughout the world [1^3] . To improve the general understanding of the epidemiology of such infections, in particular to establish sources of outbreaks, various strain typing methods have been developed and applied over the past decade [4, 5] . The approaches used included internationally recognised serotyping schemes based on heat stable (HS) antigens and heat labile (HL) antigens, as well as phage typing and biotyping (resistotyping). While such phenotypic methods provide a means of typing large numbers of isolates, their general applicability is limited by the di¤culty of obtaining standard antisera and phage reagents, and lack of standardisation of protocols between laboratories.
There is an increasing trend in many areas of clinical microbiology to adopt molecular ¢ngerprinting (genotyping) methods such as ribotyping, pulsed ¢eld gel electrophoresis (PFGE) and PCR-based pro¢ling, as alternatives to phenotyping for discriminating between microorganisms [6, 7] . Evaluations of such methods for C. jejuni have been reported [4, 5, 8] and although no consensus has been reached, £agel-lin gene pro¢ling has emerged from work done at a number of centres as a method suitable for rapidly investigating large numbers of C. jejuni [9^17]. However, there is currently no generally accepted protocol for £a-typing of C. jejuni with most investigators using RFLP analysis protocols based either on DdeI digestion [9] , on HinfI and DdeI digestions [13, 17] , or on combined EcoRI/PstI digestion [10, 16] . Fla-pro¢l-ing has also been applied to C. coli [18] .
In the present study, we have combined simpli¢ed DNA sample preparation procedures for PCR ampli¢cation of the £aA gene with the Alm method of £a-pro¢ling [10] , and applied it to isolates of C. jejuni representing the HS serotypes currently common in the United Kingdom. The aim was to determine the discriminatory power of EcoRI/PstI analysis in relation to HS serotyping, and also to compare it with £a-pro¢ling by HinfI and DdeI analysis (HD £aA-typing), which we assessed previously [13, 17] . We describe a scheme of nine £aA-types with reference strains for use in future epidemiological studies.
Materials and methods

Bacterial strains
233 strains of C. jejuni were included in this study and they originated from human faeces associated with sporadic and outbreak infections (n = 170), from cattle (n = 31) and sheep carcasses (n = 15), from poultry (n = 6), and from dog faeces (n = 4). The remaining seven strains were from unknown sources. Most strains were isolated in the United Kingdom and were originally submitted to our laboratory for species identi¢cation and HS serotyping (Penner heat stable antigen scheme), which were performed according to previously described procedures [19^21] . The HS serotypes were represented as follows: HS1 (n = 40), HS2 (n = 85), HS4 complex (n = 36), HS11 (n = 45), HS18 (n = 11), HS19, 16 (n = 4) and HS23, 36 (n = 5). The HS2, H19 and H23 sets comprised outbreak-associated strains, and details were reported previously on the outbreaks involving the HS2 [19] and HS19 [22] strains.
Culture and storage
The bacteria were cultured on 5% (v/v) de¢bri-nated horse blood agar for 48 h at 37³C under microaerobic conditions (5% CO 2 , 5% O 2 , 2% H 2 , and 88% N 2 ) in a Variable Atmosphere Incubator (Don Whitley Scienti¢c Ltd, Shipley, Yorks). The cultures were stored over liquid nitrogen on plastic beads in 1% (w/v) nutrient broth No. 2 (Oxoid CM67) containing 10% (w/v) glycerol.
PCR ampli¢cation of the £aA gene
The C. jejuni £aA gene was ampli¢ed by PCR directly from bacteria on plastic beads after removal from storage over liquid nitrogen. One bead from each sample was added to 20 Wl sterile distilled water [13] . DNAse positive strains were boiled immediately for 10 min at 100³C to inactivate the enzyme. DNA for the occasional strains not giving an amplicon directly from beads was puri¢ed using a nucleic acid extraction kit (Isoquick; Microprobe Corporation, Garden Grove, California, USA). For each PCR, 5 Wl of the prepared DNA sample was added to 50 Wl reaction mix containing 1.5 mM MgCl 2 , 200 WM each deoxynucleotide, 0.4 WM each primer, 2.5 Units Taq polymerase and 5 Wl 10X bu¡er (Life Technologies). The two commercially synthesized primers (Pharmacia Biosystems) were an 18-bp forward primer Pg50 (5P-ATGGGATTTCGTATTA-AC-3P) and a 26-bp mixed synthesis reverse primer RAA19 (5PGCACC(CT)T TAA(AT)GT(AG)GTTA-CACCTGC-3P). Both primers were described previously by Alm et al. [10] and gave the predicted product of 1448 bp. The PCR cycle used comprised an initial denaturation step of 94³C for 2 min, then 30 cycles of denaturation at 94³C for 1 min, primer annealing at 45³C for 2 min, and an extension step at 72³C for 1 min.
RFLP analysis (EP method)
PCR product (8^12 Wl) was digested for 2 h at 37³C in a reaction mix that contained 1 Wl spermi-dine, 0.5 Wl EcoRI (about 10 Units), 0.5 Wl PstI (about 10 Units), 2 Wl of React 3 bu¡er (Life Technologies) and water to give a ¢nal volume of 20 Wl. The digested DNA was then analysed on a 3% (w/v) agarose gel (NuSieve 3:1, Flowgen Instruments Ltd), run at 130 V for 2.5 to 3 h in a Tris-EDTA bu¡er (89 mM Tris-HCl, 89 mM boric acid, 2 mM disodium EDTA, pH 8.3). The DNA fragments were stained with ethidium bromide and photographed using a UV transilluminator to visualise the bands. Fragment sizes were calculated from migration distances by Molmatch (UV Products) with a 123-bp ladder as standard size marker.
RFLP analysis (HD method)
PCR product from a subset of 195 strains was digested separately with HinfI and DdeI. RFLP analysis was performed using protocols described previously [13, 17] .
Results
Characteristics of EP £aA-pro¢les
233 strains of C. jejuni, mainly representing serotypes HS1, HS2, the HS4 complex and HS11, were analysed. EcoRI and PstI double digests of the £aA PCR product from each strain gave a total of fourteen di¡erent RFLP patterns for the strain set. Nine types were assigned, as shown in Table 1 , based on patterns that were each a feature of more than two strains (Fig. 1 ) Each pattern comprised two to ¢ve bands with sizes of 112 to 1371 bp. These pro¢les comprised well resolved bands of uniform intensity and were highly reproducible when determined on di¡erent occasions.
The number of strains comprising each EP £aA-type are listed in Table 1 . The four most common EP £aA-types were type 2 (32%), type 3 (20%), type 4 (12%) and type 6 (11%). The other types each represented less than 10% of the strains. Six strains had unique patterns and one strain, which produced no amplicon even after repeated nucleic acid extraction with the Isoquick kit, was not typable. 
Associations between EP £aA-type and serotype
The C. jejuni strains were selected to represent a variety of common HS serotypes occurring in sporadic as well as outbreak infections, and each serotype was subdivided into one or two predominant EP £aA-types as shown in Table 2 . HS1 strains were mainly £aA-types 6 and 9 whereas the HS2 strains, which included an outbreak set [19] , were mainly £aA-type 2. The HS4 complex strains were mainly £aA-type 4 with a smaller set of type 6 strains. The HS11 strains were highly homogeneous even though they were from sporadic infections and most were type 3. Strains representing other serotypes were from three di¡erent outbreak sets (F. Bolton, personal communication) and strains from each of these were homogeneous with respect to £aA-type. Type 6 was the only predominant pro¢le that was associated with several di¡erent serotypes, namely HS1 and HS4 complex, and to a lesser degree, HS2.
Associations between £aA-types from di¡erent protocols
The number of di¡erent pro¢les obtained by the EP and HD £aA-typing protocols for the subset of 195 strains of C. jejuni serotypes HS1, HS2, HS4 complex, and HS11 are shown in Table 3 . The overall results indicated that HD pro¢ling was more discriminatory than EP pro¢ling, particularly HD pro¢ling of the HS2 strains. The additional HD types were mostly associated with single sporadic isolates. A reference strain for each of the nine EP £aA-types is given in Table 4 .
Associations between £aA-type and host
Most of the C. jejuni strains examined were human isolates, (133) with other isolates from cattle (27), sheep (17) , poultry (6) , and dogs (4). Most £aA-types were associated with several hosts, and the type 6 was found in all six host categories.
Discussion
Common and variable domains in the £aA gene strains were ¢rst recognised in 1991 [23] , and since then molecular pro¢ling, based on sequence diversity within £aA and £aB, has been used for C. jejuni discrimination. Both genes share high sequence homology [10] and provide similar levels of RFLP pro¢le discrimination (R.J. Owen, unpublished results). The level of discrimination depends principally on the restriction endonuclease chosen for the RFLP analysis. To date DdeI [9] , HinfI [13] , AluI [24] , and EcoRI/PstI [10] have been widely used, with DdeI the most common. We simpli¢ed protocols for preparing PCR template DNA from both DNAse +ve and 3ve strains of C. jejuni, and when combined with EcoRI/PstI RFLP analysis, the approach provided a fast (within 24 h) method of £aA-pro¢ling. Our results support those of Nachamkin et al. [9, 25] in showing that £aA amplicons can be obtained reproducibly from C. jejuni without the need for time-consuming DNA puri¢cation procedures. This technical simpli¢cation enables PCR to be done readily from just a few bacterial colonies or, if necessary, directly from preserved material without the need for culture. The method can be applied easily to the rapid processing of large numbers of strains likely to be needed in epidemiological surveillance.
Combined EcoRI/PstI RFLP analysis of £aA was used because both enzymes can be included in a single digest, and are signi¢cantly cheaper than separate digests of HinfI and DdeI. For strains in each of the main HS serotypes of C. jejuni (HS1, HS2 and HS4 complex), £aA-pro¢ling was signi¢cantly faster than other molecular pro¢ling methods, such as PFGE pro¢ling and ribotyping. AP-PCR was also relatively fast to perform, but puri¢ed DNA was needed to ensure reproducibility [26] . Another advantage of £aA-pro¢ling for C. jejuni subtyping, is that it provides simple patterns of three to ¢ve DNA fragments. These patterns are highly reproducible, easy to compare visually and can be documented using fragment sizes. To facilitate inter-laboratory comparisons, reference strains for each of the nine £aA-types are proposed. We identi¢ed some overlap between the HinfI/DdeI and EcoI/PstI schemes as shown in Table 2 . However, the correspondence between those two schemes and the system of Nachamkin et al. [9] is unclear as details of the individual types in the latter scheme were not given even though it was extended to 83 £agellin types with 75% of strains falling into 15 types. They also found for the 12 common HL serotypes and the seven common HS serotypes, that more than 50% of the isolates were a single £aA-type [9] .
Previous studies reported lack of associations between Lior (HL) serotype and £aA-pro¢le [9, 10, 13, 14] . However, our results show that some HS serotypes had a predominant £aA-type, e.g. EP £aA-type 3 and HS11 were associated, although other predominant £aA-types were a feature of several HS serotypes e.g. EP £aA-types 6 and 9, and HS1. Furthermore, strains of a given HS serotype and £aA-type may be diverse with respect to more discriminatory genomic ¢ngerprinting techniques such as PFGE pro¢ling [13] , which suggest that RFLP analysis samples only part of the variation within the £a loci. We conclude that typing based on £aA sequences, needs to be carefully monitored, so stability and suitability for long-term epidemiological surveillance can be established.
